c Inhibition of enzyme activity by high concentrations of substrate and/or cofactor is a general phenomenon demonstrated in many enzymes, including aldehyde dehydrogenases. Here we show that the uncharacterized protein BetB (SA2613) from Staphylococcus aureus is a highly specific betaine aldehyde dehydrogenase, which exhibits substrate inhibition at concentrations of betaine aldehyde as low as 0.15 mM. In contrast, the aldehyde dehydrogenase YdcW from Escherichia coli, which is also active against betaine aldehyde, shows no inhibition by this substrate. Using the crystal structures of BetB and YdcW, we performed a structure-based mutational analysis of BetB and introduced the YdcW residues into the BetB active site. From a total of 32 mutations, those in five residues located in the substrate binding pocket (Val288, Ser290, His448, Tyr450, and Trp456) greatly reduced the substrate inhibition of BetB, whereas the double mutant protein H448F/Y450L demonstrated a complete loss of substrate inhibition. Substrate inhibition was also reduced by mutations of the semiconserved Gly234 (to Ser, Thr, or Ala) located in the BetB NAD ؉ binding site, suggesting some cooperativity between the cofactor and substrate binding sites. Substrate docking analysis of the BetB and YdcW active sites revealed that the wild-type BetB can bind betaine aldehyde in both productive and nonproductive conformations, whereas only the productive binding mode can be modeled in the active sites of YdcW and the BetB mutant proteins with reduced substrate inhibition. Thus, our results suggest that the molecular mechanism of substrate inhibition of BetB is associated with the nonproductive binding of betaine aldehyde.
I
nhibition of enzyme activity at high concentrations of substrate and/or cofactor is a general phenomenon observed in over 20% of known enzymes, including dehydrogenases, kinases, methyltransferases, and hydroxylases (1) (2) (3) . Presently, it is considered to be a biologically relevant regulatory mechanism with important biological functions in several metabolic pathways (2) . For example, substrate inhibition of tyrosine hydroxylase stabilizes the level of dopamine despite large changes in the tyrosine concentration, whereas the inhibition of acetylcholinesterase enhances the neural signal (2) . However, substrate inhibition has a negative effect on biotechnological application of enzymes, because it reduces the reaction rate and product yield in industrial processes, which are usually performed at high substrate concentrations (4) . For example, the inhibition of ␤-galactosidases by glucose and galactose limits the production of galacto-oligosaccharides (5) .
For dehydrogenases, several molecular mechanisms of substrate inhibition have been proposed, including the formation of a covalent adduct between the oxidized forms of substrate and cofactor, allosteric inhibition (which occurs away from the active site, e.g., in D-3-phosphoglycerol dehydrogenase from Mycobacterium tuberculosis), and the formation of a nonproductive enzyme complex with cofactor and/or substrate (6) (7) (8) (9) (10) (11) (12) (13) . The latter mechanism can be associated with the dehydrogenase residues located both in the substrate and in cofactor binding sites. Recent biochemical studies have demonstrated that substrate inhibition of several dehydrogenases can be significantly reduced or eliminated by single mutations in the enzyme active site, which can be accompanied by a reduction or increase in the reaction rate and usually correlates with a reduction of substrate affinity (increasing K m ) (4, 7, 10, 13) . For example, the mutation S163L in human lactate dehydrogenase eliminates substrate inhibition with a minor effect on its turnover rate, whereas in Bacillus stearothermophilus lactate dehydrogenase the D38R mutation reduces substrate inhibition 3-fold (4, 14) . In addition, natural dehydrogenases resistant to substrate inhibition have been discovered, e.g., lactate dehydrogenase from Plasmodium falciparum (15) . Understanding of the molecular mechanisms of substrate inhibition of enzymes is important for our fundamental knowledge, as well as for the optimization of the enzyme-catalyzed processes in biocatalysis and for engineering of new biosynthetic pathways for production of biofuels and chemicals (16) .
Aldehyde dehydrogenases (ALDHs; PF00171) are a large group of enzymes that oxidize a wide range of aliphatic and aromatic aldehydes to corresponding carboxylic acids using NAD(P) ϩ as an electron acceptor. ALDHs are ubiquitous in nature, being present in archaea, bacteria, and eukaryotes, indicating that they play an essential role in the cell (17) . In addition to the detoxification of aldehydes, ALDHs are believed to modulate cellular homeostasis and organismal functions, and mutations in the human ALDH genes are associated with several diseases (18) .
Presently, the ALDH superfamily is organized into more than 14 families active against a broad range of substrates, including betaine aldehyde (BA), succinate semialdehyde, and glyceraldehyde 3-phosphate (19) .
Betaine aldehyde dehydrogenases (BADHs, EC 1.2.1.8) catalyze the irreversible NAD(P) ϩ -dependent oxidation of betaine aldehyde (or glycine betaine aldehyde) to glycine betaine (GB) (Fig.  1A) , which functions as an osmoprotectant in both prokaryotic and eukaryotic organisms (20) (21) (22) (23) (24) (25) . The physiological role of BADHs is associated with the protection of cells from osmotic stress, as well as with the catabolism of choline or choline precursors (26) (27) (28) (29) . In bacteria, betaine synthesis is determined by two enzymes: choline dehydrogenase (which oxidizes choline to betaine aldehyde) and betaine aldehyde dehydrogenase (which converts betaine aldehyde into betaine) (26) . In Brucella abortus, the betaine aldehyde dehydrogenase BetB is an essential virulence factor required for osmotic-stress resistance and replication in mammalian cells (30) . BADHs are related to the aldehyde dehydrogenase families ALDH9, ALDH10, ALDH25, and ALDH26 (19) . To date, several BADHs have been characterized biochemically and structurally, including the enzymes from cod liver (23) , Spinacia oleracea (20) , Pisum sativum (31), Pseudomonas aeruginosa (32) , and Escherichia coli (YdcW in ALDH26) (22) . These enzymes share similar three-dimensional structures containing three domains: the nucleotide binding domain with the Rossmann fold, the substrate binding domain, and the oligomerization domain. The proposed chemical mechanism of BADHs involves four steps, including the formation of a tetrahedral intermediate by a nucleophilc cysteine (Cys280 in YdcW) attacking BA, the transfer of the hydride from the hemithioacetal to the NAD(P) ϩ resulting in a thioester, the formation of a second tetrahedral intermediate from the thioester via a nucleophilic water molecule activated by a glutamate side chain (Glu246 in YdcW), and the release of glycine betaine and NAD(P)H (33) . BADHs have a complex kinetic mechanism compared to other ALDHs, most of which follow an ordered binding mechanism, whereby NAD(P) ϩ binds prior to an aldehyde, and then the resulting carboxylic acid is released before NAD(P)H (34). However, the BADHs from the plant Amaranthus hypochondriacus (ALDH10) and porcine kidney (ALDH9) have been proposed to follow an iso-ordered Bi Bi mechanism, since the rate-limiting step occurs in the isomerization of free enzyme after the release of the last product and before the binding of the first substrate (21, 24) . In contrast, the P. aeruginosa BADH (PaBADH, ALDH9) follows a random Bi Bi mechanism, although the mechanism is predominantly ordered in the case of the NADP ϩ -dependent reaction (35) . A kinetic study revealed that the activity of PaBADH is inhibited by the cofactor and partially by the aldehyde (25, 35) , and the structure of this enzyme in complex with the cofactor suggested that this inhibition is caused by a novel NADPH-cysteine covalent adduct (8) .
Recently, we have determined the crystal structures of the putative betaine aldehyde dehydrogenase BetB from Staphylococcus aureus (SA2613) in the apo form and in the complex with NAD ϩ (Protein Data Bank accession codes 4MPB and 4MPY) (unpublished data). In the present work, we have performed detailed biochemical, mutational, and substrate docking studies of this enzyme and its inhibition by BA. We have identified several residues of BetB essential for substrate inhibition, and our substrate docking experiments based on the BetB structure suggested that substrate inhibition of BetB is associated mainly with the nonproductive binding of BA in its active site.
MATERIALS AND METHODS
Expression and purification of BetB and YdcW. The genes encoding S. aureus BetB (GenBank 3237065, Uniprot ID Q5HCU0), and E. coli YdcW (GenBank 945876, Uniprot ID P77674) were PCR amplified using S. aureus and E. coli genomic DNA and cloned into the IPTG (isopropyl-␤-Dthiogalactopyranoside)-inducible protein expression vector p15TV-L as described previously (36) . The resulting plasmids were transformed into the E. coli BL21(DE3) Gold strain (Stratagene, USA), and the recombinant proteins were purified using affinity chromatography on Ni-nitrilotriacetic acid (Ni-NTA) resin (Qiagen, Germany). The purity of proteins (usually higher than 95%) was confirmed by SDS-PAGE, and the protein concentration was measured using the Bradford method (Bio-Rad) using bovine serum albumin (BSA) as a standard.
Site-directed mutagenesis of BetB. Site-directed mutagenesis was performed based on the QuikChange site-directed mutagenesis kit (Stratagene, USA). The standard PCR mixture (50 l) contains 100 ng of template DNA and 100 to 250 ng of each mutagenic primer. The PCR cycling conditions were as follows: 95°C (30 s); 16 cycles of 95°C (30 s), 55°C (1 min), and 68°C (2 min/kb). After the PCRs, DpnI (10 U) was added, and the mixture was incubated at 37°C for 1 h. An additional 10 U of DpnI was added and incubated for another hour to completely digest parental DNA. The PCR mixtures were transformed into E. coli competent DH5␣ cells and plated on LB medium supplemented with 0.1 g/liter ampicillin. All mutations were verified by sequencing, and the mutant proteins were purified as described for the wild-type enzyme.
Enzymatic assays. Aldehyde dehydrogenase activity against a range of substrates was determined using a continuous assay following the increase in absorbance at 340 nm [ε 340 (NADH) ϭ 6.22 mM Ϫ1 · cm Ϫ1 , and ε 340 (NADPH) ϭ 6.2 mM Ϫ1 · cm Ϫ1 ]. Substrate screens were performed at 30°C in a reaction mixture (200 l) containing 100 mM potassium phosphate buffer (pH 7.5), 1 mM NAD ϩ , 1 mM EDTA, 1 mM substrate, and 10 g of purified BetB. Initial velocity patterns of the S. aureus BetB reaction were obtained by varying the concentrations of NAD ϩ at fixed concentrations of betaine aldehyde. Kinetic parameters of the wild-type and mutant enzymes were determined with varying concentrations of one substrate in the presence of the saturating or subinhibitory concentration of the second substrate in 100 mM potassium phosphate buffer at pH 8.0 and 30°C and were calculated from the initial reaction rates using equation 1 or 2 and the Prism program (version 5.02; GraphPad Software, San Diego, CA):
where [S] is the concentration of the varied substrate, K m is the MichaelisMenten constant of the enzyme for the varied substrate, and K i is the dissociation constant for the enzyme of the varied substrate. BA concentrations were varied between 0.01 and 200 mM in the presence of 5 mM NAD ϩ , and NAD ϩ concentrations were between 0.05 and 10 mM in the presence of a constant BA concentration (see Table 2 ). One unit (U) of enzyme activity corresponds to the release of 1 mol of NADH per 1 min.
Product and dead-end inhibition studies. Inhibition studies were conducted by measuring initial velocities of the reaction, in which the concentration of one substrate was varied in the presence of a constant (and subsaturating) concentration of the second substrate and several concentrations of product (NADH or glycine betaine [GB]) or dead-end inhibitors (choline and benzaldehyde). The data of initial velocities were fitted using equation 3, 4, 5, or 6, corresponding to competitive inhibition, noncompetitive inhibition, mixed inhibition, or uncompetitive inhibition, respectively (GraphPad Prism, version 5.02, GraphPad Software, San Diego, CA):
where [I] is the concentration of the inhibitor and ␣K i and K i are estimated inhibition constants. Homology modeling and substrate docking. The NAD ϩ -bound structures of S. aureus BetB (PDB code 4MPY) and E. coli YdcW (PDB code 1WNB) were used in docking simulations. The structure of the S. aureus BetB H448F/Y450L mutant protein was constructed using SCWRL4 software (37) and the wild-type BetB structure (4MPY) as a template. For docking simulations, the structures of protein and ligand were formatted by AutoDockTools 4.2 (38) . The enzyme side chains were set as rigid, while two bonds of C-1 to C-2 and C-2 to N in BA were set as rotatable. A grid box was set to 50 by 50 by 50 points with a grid point spacing of 0.375 Å. Molecular docking simulations of the wild-type BetB, the double mutant H448F/Y450L, and YdcW were performed using AutoDock 4.2 (38) . The number of genetic algorithm runs and the maximum number of evaluations were set to 100 and 2,500,000, respectively. All other parameters were set to default values. The resulting binding modes with comparable binding energies calculated by Lamarckian genetic algorithm were further classified into productive and nonproductive modes based on the distances between the catalytic residue (Cys289 for BetB and Cys280 for YcdW) and BA, and the conformation with the lowest energy in each mode was referred to as a substrate binding mode. All structure figures were generated using PyMOL software (PyMOL molecular graphics system, version 1.4.1; Schrödinger, LLC).
RESULTS AND DISCUSSION
Substrate selectivity and inhibition of BetB. The putative BADH BetB from S. aureus was overexpressed in E. coli, and the purified BetB exhibited significant NAD ϩ -dependent dehydrogenase activity against BA (Ͼ1 mol/min per mg protein). Since ALDHs, including BADHs, can react with a wide range of substrates (19), we also examined BetB for dehydrogenase activity toward various aldehydes and carbohydrates. This screening demonstrated that BetB is highly selective toward BA with low (but detectable) activity against 2-pyridinecarboxaldehyde, 3-pyridinecarboxaldehyde, and 4-pyridinecarboxaldehyde (Ͻ5% activity of maximal activity with BA) (see Fig. S1 in the supplemental material). Thus, the BetB enzyme is a NAD ϩ -dependent betaine aldehyde dehydrogenase. In contrast to BetB, E. coli YdcW has been reported to have a broad substrate profile with high activity toward phenyl acetaldehyde, undecanal, nitrobenzaldehyde, and BA (22, 39) . The optimal pH for dehydrogenase activity of BetB was 8.0, which is similar to other characterized BADHs (25, 40, 41) . Both BetB and YdcW can use both NAD ϩ and NADP ϩ as cofactors, but the NAD ϩ -dependent activity with BA was at least 10 times higher for both enzymes (BetB, 3.5 U/mg versus 0.2 U/mg) (22) . Compared to YdcW, BetB exhibited a higher activity and affinity to BA (k cat , 0.55 and 11.0 s Ϫ1 ; K m , 32.8 and 0.17 mM, respectively), but YdcW had a lower K m for NAD ϩ (Table 1 and Fig. 2A and B) . Analysis of the wildtype BetB kinetics also revealed strong inhibition by BA at substrate concentrations higher than 0.15 mM with an inhibition constant (K i ) value of 0.35 mM (Fig. 2A) . Substrate saturation experiments using variable concentrations of NAD ϩ and a fixed concentration of BA (0.15 mM) showed no inhibition of the BetB activity at high concentrations of NAD ϩ (data not shown). Kinetic mechanism of BetB. Known BADHs follow the ternary-complex kinetic mechanism, which can be either ordered (when substrates bind in a particular order) or random (33). Initial velocity studies of S. aureus BetB revealed linear double-reciprocal plots in the presence of 0.16 to 10 mM BA and 0.04 to 1.25 mM NAD ϩ (Fig. 3) . As shown in Fig. 3 , the series of lines intersecting on the left side of the y (1/v) axis suggests that BetB also follows the ternary-complex kinetic mechanism. The enzyme kinetic mechanism can be determined by the investigation of product inhibition patterns and/or dead-end inhibition patterns (3). In the product inhibition experiment, the inhibition of the wildtype BetB by NADH can be compensated for by increasing NAD ϩ concentrations (at a fixed concentration of BA), indicating that this inhibition is competitive (Fig. 3B) . With BA as the variable substrate (within the noninhibiting concentration range, Ͻ0.15 mM; in the presence of 5 mM NAD ϩ ), the double-reciprocal plots of the NADH effect suggested a noncompetitive inhibition by NADH ( Fig. 3C and Table 2 ; see Fig. S2 in the supplemental material). These results are consistent with an ordered Bi Bi mechanism for irreversible dehydrogenase reactions, where NAD ϩ is bound first to the enzyme and NADH is released last. In contrast to NADH, GB behaved as a mixed inhibitor with respect to NAD ϩ and as an uncompetitive inhibitor with respect to BA. The estimated inhibition constants for GB were larger than that for the reduced nucleotide by almost 3 orders of magnitude (Table 2) , which is similar to that reported for PaBADH (35) . GB showed significant inhibition of enzyme activity only at concentrations higher than 50 mM, suggesting that BetB has low affinity to GB. This is in line with high osmotolerance of S. aureus and its ability to accumulate high concentrations of intracellular betaine (200 mM to 2 M) (42, 43) . Since the inhibition of BetB by GB can also be a result of the unspecific binding at the active site, we performed a dead-end inhibitor analysis to confirm the kinetic mechanism. Both BA analogues (choline and benzaldehyde) demonstrated competitive inhibition with regard to BA and uncompetitive inhibition with regard to NAD ϩ , suggesting that BetB binds NAD ϩ first and then BA (see Fig. S3 in the supplemental material). As indicated in Table 2 , benzaldehyde is an effective inhibitor with a K i 2 orders of magnitude lower than that for choline. In contrast to BetB, several BADHs have been proposed to use the isomerization mechanism (iso-mechanism) with the noncompetitive product inhibition patterns, in which the first substrate and the last product bind to different forms of enzyme (33) . Therefore, our results suggest that BetB follows an ordered Bi Bi mechanism, whereby NAD ϩ binds to the enzyme first, followed by BA, and GB is released first, followed by NADH (Fig. 1B) .
Site-directed mutagenesis of BetB. The crystal structures of both BetB and YdcW have been determined (PDB codes 4MPY and 1WNB, respectively) revealing highly similar structures (Dali Z-score, 55.2; root mean square deviation, 1.3 Å). Although BetB and YdcW share low sequence similarity (37% overall sequence identity), they have identical catalytic residues, including the nucleophile (Cys289 in BetB and Cys280 in YdcW) and the general base in the deacylation step (Glu255 in BetB and Glu246 in YdcW) (22) . Additional conserved residues are located in the binding sites for BA (Asn157, Trp165, Lys166, and Leu418 in BetB; Asn149, Trp157, Lys158, and Leu406 in YdcW) and cofactor (Trp156, Lys180, Glu390, and Phe392 in BetB; Trp148, Lys172, Glu378, and Phe380 in YdcW) (see Fig. S4 in the supplemental material) (32) .
Since YdcW shows no substrate inhibition at BA concentra- tions of up to 200 mM (Fig. 2B) , we used its structure for the mutational analysis of substrate inhibition of BetB with the aim of determining if the introduction of the YdcW residues into BetB would reduce or eliminate substrate inhibition of the latter enzyme. A structural comparison of the BetB and YdcW substrate and cofactor binding sites revealed 23 different amino acids (Fig.  4 ). The BetB residues were then replaced by those present in YdcW or other residues using site-directed mutagenesis. We also created several double or triple mutant BetB proteins to analyze the potential synergistic effect of the neighbor residues on substrate inhibition. The mutated BetB proteins were purified, and their dehydrogenase activity was compared with that of the wild-type enzyme. The activity profile shown in Fig. 5 revealed that two mutant proteins (Q162M and P449M) were more active than the wild-type BetB immediately, suggesting that these mutant proteins have a reduced substrate inhibition. At least 10 mutant proteins showed wild-type level activity, whereas 11 mutant proteins had 20% to 70% lower activity, and 6 mutant proteins exhibited a greatly reduced activity within less than 1 order of magnitude of wild-type activity (D111A, G234T, V288D, S290T, I332S, and Y343A). Kinetic analysis revealed that 12 mutant proteins (A107N, T154A, L210F, S214K, M220L, S221T, E236A, F283Y, E335A, K339R, and M220L/S221T) retained strong inhibition by BA, whereas F231L, I332S, D111A, and P449M showed a moderate reduction in substrate inhibition, with K i values in the range from 0.74 to 2.97 mM (see Table S1 in the supplemental material).
Location of residues
BetB variants with greatly reduced or removed substrate inhibition. Our kinetic studies also identified several BetB mutant proteins with greatly suppressed substrate inhibition (Table 1) . Both Leu161 and Gln162 are located between the substrate and cofactor binding sites, and the L161M and Q162M mutant proteins retained the wild-type activity (Table 1 and Fig. 6 ; see Table  S1 in the supplemental material). However, whereas the L161M mutation reduced substrate inhibition only 3-fold (K i ϭ 0.96 mM), Q162M exhibited a greatly reduced substrate inhibition (23-fold). Interestingly, the double mutant protein L161M/ Q162M also showed a greatly reduced substrate inhibition, but with lower activity (Table 1) .
The BetB residues Val288, Ser290, and Trp456 are located near Fig. 6 ). However, these mutations dramatically lowered the catalytic activity and affinity to BA (K m ϭ 4.76, 13.8, and 14.8 mM; k cat ϭ 0.25, 1.63, and 3.20 s Ϫ1 , respectively), retaining only 0.1%, 0.2%, and 0.3% of the wild-type catalytic efficiency (k cat /K m ). In addition, Val288 and Ser290 in BetB and the homologous residues in other dehydrogenases have been proposed to be the determinants of substrate specificity for ALDHs (19) . However, the replacement of these BetB residues by aspartate or threonine (as in YdcW), respectively, did not broaden its substrate specificity, and the V288D and S290T mutant proteins showed no activity against valeradehyde and 4-nitrobenzaldehyde, which are good substrates for YdcW (22) .
In the active sites of BetB and YdcW, there is a short loop located close to the bound BA in YdcW and containing several nonconserved residues (Phe436, Met437, and Leu438 in YdcW and His448, Pro449, and Tyr450 in BetB) (Fig. 7) . In the YdcW structure (PDB code 3FG0), the side chains of Phe436 and Leu438 are positioned close to the bound BA (2.9 to 3.4 Å) and likely contribute to substrate binding (Fig. 7C) . Since this loop might also contribute to substrate binding and inhibition in BetB, we mutated the three BetB residues to the corresponding residues of YdcW. The triple BetB mutant protein H448F/P449M/Y450L showed a 27-fold decrease in k cat but exhibited a greatly reduced inhibition by BA, with the K i value higher than 7 M (Table 1) . To investigate the role of each residue in the triple mutant protein, we prepared the corresponding single mutant proteins. Both H448F and Y450L displayed a greatly reduced substrate inhibition compared to P449M, with K i values more than 2 orders of magnitude higher, indicating that both His448 and Tyr450 play an important role in substrate inhibition of BetB (Table 1) . Accordingly, the purified double mutant protein H448F/Y450L exhibited even higher resistance to BA with complete loss of substrate inhibition (up to 50 mM BA) ( Table 1 and Fig. 6 ). In contrast, the double mutant proteins P449M/Y450L and H448F/P449M were still sensitive to inhibition by BA, with inhibition constants of 137 and 7 mM, respectively. The Y450L mutation also significantly decreased the substrate affinity of BetB, which was indicated by high K m values for BA in the BetB mutant proteins containing this mutation. Surprisingly, this mutation also lowered the affinity to NAD ϩ , but its effect on the double and triple mutant protein appears to be complex ( Table 1) . The succinate semialdehyde dehydrogenase YneI from Salmonella enterica serovar Typhimurium contains Ser245 at the position of Tyr450 in BetB, and the YneI residue has been proposed to be important for substrate coordination (44) . Thus, the BetB residues His448 and Tyr450 make a major contribution to substrate inhibition in this enzyme, probably through the interaction with the BA nitrogen atom.
Although the BetB residue Gly234 is located close to the pyrophosphate group of the bound NAD ϩ , its mutation to threonine also greatly reduced the inhibition by BA (K i ϭ 108 mM) with a strong negative effect on activity (less than 1% of the wild-type activity) (Table 1 and Fig. 6 ). The replacement of Gly234 by serine (which is present in YdcW and several other ALDHs [44] ) also reduced the inhibition by BA and further increased its affinity to NAD ϩ , suggesting the formation of a new hydrogen bond between the cofactor pyrophosphate and Ser234 (Table 1 ). In contrast, the replacement of Gly234 by a nonpolar Ala residue significantly decreased its affinity for the nucleotide but also reduced substrate inhibition (Table 1) . Interestingly, these substitutions of Gly234 did not change the BetB affinity for BA, as indicated by K m values. Thus, substrate inhibition of BetB not only is associated with the residues of the substrate binding pocket but also can be affected by the residues interacting with the cofactor, suggesting some cooperativity between these sites. It should also be noted that the BetB mutant proteins with reduced or eliminated substrate inhibition showed a significant decrease in k cat /K m . Similar effects were also demonstrated in substrate inhibition studies with other enzymes (4, 13) , and in some cases they might be associated with the reduced substrate affinity of mutant proteins.
Substrate docking analysis of the BetB and YdcW active sites. For the ordered Bi Bi reaction mechanism, substrate inhibition can be caused by the binding of excess substrate to the enzyme-NAD(P) ϩ complex (13, 45) . Therefore, we performed a UV scanning analysis (280 to 400 nm) of BetB to detect a thio-adduct between its cysteine (Cys289 in BetB) and the pyridine ring of NAD ϩ , which has a typical absorbance peak at 325 nm (8) . How- ever, the addition of NAD ϩ to BetB did not result in the increase in absorbance around 325 nm (data not shown), which is consistent with the absence of BetB inhibition by NAD ϩ and suggests that the BetB inhibition is not caused by the formation of a thio-adduct. The inhibition of BetB by NADH is not likely to be the result of the formation of a dead-end enzyme-BA-NADH complex, because the NAD ϩ saturation experiments in the presence of different BA concentrations produced no parallel plots in the 1/v versus 1/NAD ϩ graph (3) at high BA concentrations (data not shown). Furthermore, our substrate docking experiments with the wild-type BetB revealed two binding modes for BA in the BetB active site with similar binding energies (Fig. 7) . In the first binding mode, the carbonyl oxygen of BA is stabilized by the formation of a hydrogen bond with the main-chain NH group of the catalytic nucleophile Cys289 (1.8 Å), whereas in the second binding mode it forms a hydrogen bond with the side chain amide group of Asn157 (2.0 Å) (Fig. 7A and B) . In contrast, the BA docking experiments with the YdcW structure indicated the presence of only one binding mode corresponding to the first BetB model (with an H bond to the main-chain NH of Cys280) (Fig. 7C) . Since YdcW exhibits no substrate inhibition by BA, we propose calling this binding mode the productive binding mode, whereas the second type of BA coordination (with the H bond to the Asn157 side chain) is the nonproductive binding mode. The productive and nonproductive substrate binding modes have also been described for the human sulfotransferases (SULT1A, SULT1E, and SULT2A1) and for salutaridine reductase SalR from Papaver bracteatum (13, 46, 47) .
In BetB, the two substrate binding modes also have different distances between the BA carbonyl carbon and the catalytic Cys289 S␥ atom, which is smaller in the productive binding mode (3.2 and 3.8 Å for wild-type BetB and YcdW, respectively) compared to the nonproductive binding (4.6 Å) (Fig. 7) . It is likely that this distance is critical for the BADH catalysis because it requires a favorable position of the catalytic Cys289 S␥ atom for the nucleophilic attack of the BA carbonyl carbon. This is supported by our results with the BetB double mutant protein H448F/Y450L, which shows no substrate inhibition (Table 1) and only the productive binding mode of BA in the H448F/Y450L docking experiments with the Cys289 S␥-to-carbonyl-C distance of 3.4 Å (Fig. 7) . These results suggest that the hydrophobic interactions between the side chains of Phe448 and Leu450 in the H448F/Y450L mutant protein and methyl groups of BA might contribute to the productive substrate binding. In addition, the BA docking simulations with the BetB V288D mutant protein showed only the productive binding mode with the Cys289 S␥-to-carbonyl-C distance of 3.4 Å and also suggested the presence of ionic interactions between the Asp288 side chain oxygens and the positively charged nitrogen group of BA (3.5 to 3.7 Å) (see Fig. S5 in the supplemental material). S290T also showed one binding mode that is the productive binding of BA (like H448F/Y450L and V288D) (see Fig. S5F in the supplemental material). Q162M had two binding modes (see Fig. S5C and D in the supplemental material) like the wild-type BetB, but the number of productive binding modes is much higher than that of nonproductive binding modes (76 versus 31; 4 modes were not in the BA binding site). All mutants with strong reduction of substrate inhibition (Q162M, V288D, S290T, and H448F/Y450L) showed consistent docking results suggesting that mutations in the BA binding site can reduce nonproductive BA binding. However, the docking simulation for G234T could not find a difference between the wild type and G234T. Rigid body docking was employed in this study, and thus, the conformations of the residues in the BA binding site of G234T were the same as those of the wildtype, resulting in the same binding modes as those of the wild type (data not shown). On the other hand, structural comparison of G234S and the wild type revealed that the G234S mutation changes the conformation of NAD in the cofactor binding site (see Fig. S6 in the supplemental material). In particular, the nicotinamide ring of G234S is moved further into the BA binding site than in the wild-type protein. This conformational change of NAD implies that substrate inhibition of BetB can also be affected by the residues interacting with the cofactor, suggesting the presence of some kind of cooperativity between the BA and NAD binding sites. Further work on the cocrystallization of the BetB mutant proteins with BA is required to prove the role of these residues in substrate inhibition of BetB.
The general concept of nonproductive substrate binding was proposed by Niemann for the explanation of the properties of chymotrypsin (48) . The generality of this concept is supported by numerous studies with different enzymes, including lysozyme and carboxypeptidase (49) . For lysozyme, two modes of N-acetylglucosamine binding have been distinguished using structural, binding, and kinetic approaches (49, 50) . Nonproductive binding is also the mechanism used by yeast aldose reductases to distinguish between different D-aldoses resulting in a decrease in k cat for poor substrates (51) . It is assumed that nonproductive complexes can form not only because of functionally important energy requirements in the productive mode but also because the flexibility of the enzyme active site allows anomalous substrate binding (49) . For some enzymes with two substrates (like BetB), productive binding of one substrate may be conditional upon binding of the other substrate, resulting in an induced fit-like effect. Based on the kinetic mechanism proposed for BetB (Fig. 1B) , binding of NAD ϩ in the cofactor-binding site may facilitate the productive binding of BA. This type of interaction between the BetB cofactor and substrate binding sites is in line with the results of our mutational studies, specifically with the reduced substrate inhibition in the G234T mutant protein (Table 1) . Thus, nonproductive substrate binding can be part of the enzyme reaction mechanism, and it can have a role in enzyme inhibition or substrate specificity.
Conclusion. Thus, our product inhibition studies have demonstrated that the betaine aldehyde dehydrogenase BetB from S. aureus follows an ordered Bi Bi mechanism, whereby NAD ϩ is the first substrate bound to the enzyme and NADH is the last product released by the enzyme. We have found that substrate inhibition of BetB is sensitive to mutational changes in the protein with mu- tations in both substrate and cofactor binding pockets contributing to the reduction in substrate inhibition. These results suggest the presence of at least two possible mechanisms underlying the reduction in substrate inhibition associated with mutations in both the BA and NAD ϩ binding sites. Based on the substrate docking experiments, the reduction or elimination of the inhibition by BA in the BetB mutant proteins H448F/Y450L can be explained by the reduction of the nonproductive BA binding in the active site. The second possible mechanism is based on the predicted cooperativity between the cofactor and substrate binding sites through which the mutations located in the cofactor binding site can affect the balance between the productive and unproductive modes of substrate binding. Thus, we propose that the nonproductive binding of BA in the BetB active site is the major cause of substrate inhibition of this enzyme. Glycine betaine, the product of BA dehydrogenase activity, is the most effective osmoprotectant in S. aureus and several other pathogenic bacteria, protecting them against the high-osmolarity stress prevalent in the infected tissues (52) . BA dehydrogenases might be the key enzymes in the establishment and growth of the pathogen. The inhibition of BetB may be effective in counteracting infection by S. aureus, as this will lead to growth arrest due to increased osmosensitivity and accumulation of BA. Thus, the demonstration of high sensitivity of S. aureus BetB to BA in this work represents an important finding contributing to our knowledge of enzyme inhibition and to the development of potential antimicrobial therapies.
